Introduction
Leukemia is a cancer of blood-forming cells in the bone marrow and one of the leading causes of human death. The most widely used anti-leukemia treatments include chemotherapy, radiotherapy, hormonal therapy and bone marrow transplantation, but no treatment is really satisfactory. Although chemotherapeutic agents research has made great progress in the battle against leukemia, it is still a pressing issue to develop new drugs without damaging healthy cells and tissues (Gu and Mason 2010; Liu and Han 2003; Tallman 1996) . The chronic myelogenous leukemia derived K562 cells have the abnormal fusion gene BCR-ABL of the b3a2 type and a mutated gene for the p53 protein (Grebenova et al. 2004; Law et al. 1993; McGahon et al. 1994) . These combined mutations make K562 cells a suitable model for the 'in vitro' studies to evaluate the growth inhibitory and apoptosis-inducing effects of leading compounds in anticancer drug discovery.
It is one of the effective ways to develop low-toxic high-effective medicine by using active ingredients from natural sources as leading compounds. Glycyrrhetinic acid (GA) is the oleanane pentacyclic triterpenoid aglycone of glycyrrhizin in licorice roots (Glycyrrhiza radix) which is a famous traditional Chinese medicine and have been widely used throughout the world for thousands of years. GA exhibits many pharmacological activities, including antiinflammation, anti-ulcer, anti-allergenic, antivirus and anticancer activities (Fiore et al. 2005; Shibata 2000) . Derivatives of GA also show wide pharmacological effects. Carbenoxolone, a derivative of GA, has been used as a medicine in Europe for the treatment of ulcers and inflammation (Davis and Morris 1991) . Methyl 2-cyano-3,11-dioxo-18-olean-1,12-dien-30-oate (CDODA-Me), a GA derivative, has shown growth inhibition effect to prostate, pancreatic, and colon tumor cells. Oral administration of CDODA-Me at the dose of 15 mg/kg/day exhibited excellent inhibition effects on tumor growth without causing any obvious toxic side effects (Chintharlapalli et al. , 2007 Jutooru et al. 2009 ). It has been reported that GA derivatives with an alkoxyimino group at position C3 and a free C29 carboxyl group have greater antiproliferative and apoptosis induction effects in human leukemia HL60 cells (Liu et al. 2007) .
We have previously demonstrated that AEGA, a GA derivative, had stronger inhibitory effects against human hepatocellular carcinoma BEL-7404 cells, human breast cancer MDA-MB-231 cells, human leukemia HL60 and K562 cells compared to the parent compound 18b-GA (Gao et al. 2011) . However, the cellular and molecular mechanisms involved in AEGA-mediated apoptosis remained unclear. In this study, we investigated the proapoptotic effects of AEGA on K562 cells in terms of the loss of mitochondrial membrane potential, the release of cytochrome c into the cytosol, the altered expression of Bcl-2 family proteins and the activation of caspase-9 and caspase-3.
Materials and methods

Chemicals and antibodies
The GA derivative AEGA was synthesized as described previously (Gao et al. 2011) . Its chemical structure is given in Fig. 1a . AEGA was weighed and resolved with absolute dimethyl sulfoxide (DMSO) (Sigma, USA) and dilutions were made in DMEM. Primary antibodies against Bcl-2, Bax, caspase-3, caspase-9, cytochrome c, and peroxidase-conjugated goat antimouse or antirabbit secondary antibody were purchased from Beyotime Technology (Beyotime, China).
Cell culture and in vitro proliferation assay Human erythroleukemia cells K562 were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. Cells were grown in DMEM medium supplemented with 10% (v/v) heatinactivated fetal bovine serum, 2 mM-glutamine, and antibiotics (100 U/mL penicillin and 100 lg/mL streptomycin), at 37°C in a humidified 95% air/5% carbon dioxide atmosphere. Growth inhibition of GA and AEGA on tumor cells was measured by the 3-(4,5-dimethylthiazol-2yl)-2,5-di-phenyl-tetrazolium bromide (MTT) assay with minor modifications (Shao et al. 2005) . Cells were seeded in 96-well plates at a density of 1.5 9 10 4 cells/mL and incubated with the tested compounds at various concentrations in DMEM-10% fetal bovine serum medium for 24, 48 or 72 h and each concentration was tested in triplicate. Control samples were exposed to 0.1% DMSO. At the end of incubation period, 20 lL MTT was added to each well and the plates were incubated for 4 h at 37°C, then the ''triplex solution'' (10% SDS, 5% isobutanol, 0.012 M HCl) was added and the plates were incubated for 12 h at 37°C to solubilize formazon crystals. The Absorbance was read on a scanning multiwell spectrophotometer at the wavelength of 490 nm. The inhibitory rate of cell proliferation was worked out according to the following formula: Growth inhibition (%) = [OD control-OD treated/OD control] 9 100%. The TC50 values were calculated by log-probit regression analysis.
Apoptotic induction assays
Propidium iodide (PI) staining assays were done using the PI staining Kit (Keygen, China) according to the manufacturer's instructions. The cells were stained with PI and observed using fluorescence microscope (Nikon, Japan). For DNA fragmentation assay, cells were harvested by centrifugation and total DNA was extracted with a DNA extraction kit (Beyotime, China) according to the manufacturer's instructions. The eluants containing DNA pellets were separated by electrophoresis on a 2% agarose gel at 80 V. The gel was visualized with a UV light transilluminator after staining with ethidium bromide.
Western blot analysis
Cells were harvested and washed with PBS. Whole cellular proteins were extracted and cytosolic fractions were prepared following the procedure described by the manufacturer (Beyotime, China). The protein concentration of the extracts was determined using the Bradford method. Equal amounts of sample lysates were subjected to 12% SDS-PAGE and then transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat milk in TBST buffer (20 mM Tris pH 7.5, 500 mM NaCl, 0.1% Tween-20) overnight at room temperature. The membranes were incubated with the desired primary antibodies (1:1,000 dilution) for 4 h at 4°C, and then incubated with enzyme-linked secondary antibodies (1:10,000 dilution) for 1 h at room temperature. Immunoreactive bands were visualized with enhanced chemiluminescence detection regents (Amersham, USA).
Detection of mitochondrial membrane potential (Dwm)
The cells were incubated with or without AEGA (60 lM) for 48 h and the depolarizing agent carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) at 10 lM was used as a positive control. Following treatment, cells were washed with PBS and incubated in DMEM medium containing JC-1 dye for 20 min at 37°C in the dark. The mitochondrial deopolarization patterns of the cells were observed using a fluorescence microscope (Nikon, Japan) according to the manufacturer's instructions (Beyotime, China).
Caspase-3 and caspase-9 activities assay Caspases activities were determined using Caspase Activity Kit (Beyotime, China) according to the manufacturer's instructions. Briefly, cells were collected,washed with cold PBS and resuspended in lysis buffer for 15 min on ice. Lysates were centrifuged at 16,000 g for 15 min at 4°C. The protein concentration of the extracts was determined using the Bradford method. Activities of caspase-3, and -9 were measured by cleavage of substrate peptides Ac-DEVD-pNA and Ac-LEHD-pNA to yellow formazan product, p-nitroaniline (pNA), which was quantified on a scanning multiwell spectrophotometer at an absorbance of 405 nm. Results were expressed as the fold change of enzyme activity compared to that of untreated cells. Statistical analysis All data were presented as means ± standard deviation (SD) of three independent experiments. Statistical comparisons of the results were done using one-way analysis of variance (ANOVA). A p-value less than 0.05 is considered as statistically significant.
Results
Effects of AEGA on cell proliferation
The antiproliferative activities of AEGA against K562 cells were examined by MTT assay as described in ''Materials and methods'' section. K562 cells were treated with various doses of AEGA for 24, 48 and 72 h. As shown in Fig. 1b , AEGA inhibited cellular proliferation not only in a dose-dependent manner, but also in a time-dependent way. After K562 cells were exposed to AEGA for 24, 48 and 72 h, the IC 50 value was 84.39, 64.45 and 47.39 lM, respectively.
Effect of AEGA on cell apoptosis
As shown in Fig. 2 , nuclei with karyopyknosis and conglomeration, a characteristic of apoptosis, were observed under fluorescence microscopy in cells cultured with AEGA, while the control cells appeared with regular contours. Apoptosis was also examined by a DNA fragmentation assay. After treatment of K562 cells with AEGA, typical DNA ladders of 180-bp fragments were clearly visible in agarose gel (Fig. 3) .
Effects of AEGA on the mitochondrial membrane potential
The effect of AEGA on Dwm was detected using JC-1 staining. Fluorescent probe JC-1 is a lipophilic cation molecule and mitochondrion specific. In the control cells, JC-1 could aggregate in mitochondria and present high red fluorescence. However, in cells undergoing apoptosis, where the mitochondrial potential has collapsed, JC-1 exists in the cytosol as a monomer which emits green fluorescence. As shown in Fig. 4 , the control cells appeared in bright red fluorescence and weak green fluorescence, reflecting hyperpolarized mitochondria. In contrast, cells treated with AEGA displayed enhanced green fluorescence and decreased red fluorescence which indicated the depolarization of mitochondrial potential. Effects of AEGA on the activity of caspase-3 and caspase-9
To explore the activation of caspase-3 and caspase-9, the enzyme activities of caspase-3 and caspase-9 were measured by spectrophotometric method. As shown in Fig. 6 , after AEGA stimulation caspase-3 and caspase-9 activities both increase in a time dependent manner from 6 to 36 h.
Discussion
There has been a growing interest in developing new chemotherapeutic drugs for cancer therapy from natural sources Zhang et al. 1999 Zhang et al. , 2001 ). Many GA derivatives were synthesized as antitumor agents (Csuk et al. 2010; Gao et al. 2010; Hu et al. 2010; Chadalapaka et al. 2008) . We have previously demonstrated that AEGA, a GA derivative, had much stronger inhibitory effects against human leukemia K562 cells compared to the parent compound 18b-GA (Gao et al. 2011 ). The present study was undertaken to further investigate the molecular mechanisms involved in AEGA-induced apoptosis in K562 cells. It has been reported that the anti-cancer activity of many chemotherapeutic agents are associated with the apoptosis-inducing effects (Huang et al. 2009; Vahedi et al. 2008; Yu et al. 2009 ). In Fig. 1b , AEGA inhibited the growth of the K562 cells in a dose-and time-dependent manner. In Fig. 2 , after K562 cells were treated with AEGA at 20 lM or 40 lM for 48 h typical morphological characteristic of apoptosis such as karyopyknosis and conglomeration were observed.
The DNA ladder formation is considered the most characteristic feature of conventional apoptosis. As shown in Fig. 3 , typical DNA ladders pattern in electrophoresis were visible for K562 cells treated with AEGA of 20 lM or 40 lM for 48 h. This provided an important experimental evidence for that AEGA could induce apoptosis on K562 cells.
In the intrinsic pathway involving mitochondriadependent process of apoptosis, various pro-apoptotic signals induce the release of cytochrome c and other apoptogenic factors from the mitochondrial intermembrane space into the cytosol. Released cytochrome c binds to Apaf-1 and dATP to form a complex known as apoptosome which activates one of the initiator caspases, caspase-9. Activated caspase-9 in turn leads to the activation of the executioner caspases, such as caspase-3, caspase-6, caspase-7, which catalyzes a series of proteolytic events associated with apoptosis (Olson and Kornbluth 2001) . As shown in Fig. 5 , after K562 cells exposure to 80 lM AEGA, the cytosol cytochrome c increased in a time dependent manner. This indicated that the apoptosis induced by AEGA in K562 cells may be through the intrinsic pathway.
The dissipation of the Dwm is a manifestation of the functional impairment of mitochondria and is a critical event in mitochondria-dependent apoptosis (Heerdt et al. 1998; Marchetti et al. 1996) . As shown in Fig. 4 , cells treated with 60 lM AEGA for 48 h presented enhanced , 6, 12, 18, 24 and 36 h, respectively. Total cell proteins or the cytosolic proteins were fractionated through a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane and probed with antibodies directed against various apoptosis-related proteins. Reprobing with b-actin antibody was used as a loading control. The optical density (OD) of the band is normalized with respective b-actin and is expressed as relative optical density (OD). All experiments were carried out at least in triplicates and only one set of gels is presented. Statistical analysis is done using one-way analysis of variance (ANOVA). *p \ 0.01, **p \ 0.001, compared with untreated groups green fluorescence and weak red fluorescence which indicated the mitochondrial membrane depolarization.
Members of the Bcl-2 family proteins are composed of both pro-and anti-apoptotic proteins. The balance between these two groups plays a critical role in regulating cell growth and controlling mitochondrial membrane integrity (Basanez et al. 2001; Duan et al. 2010; Luan et al. 2010; Zhang et al. 2009 ). As shown in Fig. 5 , the expression of Bax was upregulated, but the expression of Bcl-2 was downregulated after K562 cells exposure to AEGA. As a result of these changes, during AEGA treatment the Bcl-2/Bax ratio decreased significantly. These results indicate that AEGA activated mitochondria-mediated apoptotic pathway by regulating the expression of Bcl-2 family proteins.
Bcl-2 is an upstream substance among the apoptosis-related proteins analysed by western blotting in this paper. Bcl-2 has been validated as the target of some new anticancer agents (Huang 2000) . We speculate that bcl-2 may be the reaction point of AEGA in the apoptotic pathway and more experiments are needed to verify this hypothesis.
In Fig. 5 , the expression of proenzymes procaspase-3 and procaspase-9 were down-regulated by western blotting assay in a time dependent manner after K562 cells exposure to 80 lM AEGA. As shown in Fig. 6 , with spectrophotometric method the increase of enzyme activities of caspase-3 and caspase-9 were detected after 80 lM AEGA stimulation. The activation of caspases is critical for the initiation and execution of apoptosis. These results indicate that AEGA-induced apoptosis may be involved in the regulation of the caspase pathway.
In summary, the results of the present study revealed that AEGA induced apoptosis in K562 cells through mitochondrial dysfunction with the collapse of mitochondrial membrane potential and the alteration in the ratio of Bcl-2/Bax protein expression. Released apoptogenic factors from mitochondrial to cytosol further trigger the apoptotic pathway mediated by the activation of caspase-9 and caspase-3. These results suggest that AEGA may induce apoptosis through a mitochondria-mediated pathway involving the activation of caspase cascade, and might be a promising lead compound suitable for developing new drug as antileukemia therapy. Fig. 6 Effects of AEGA on the activity of caspase-3 (a) and caspase-9 (b). Cells were treated with 80 lM AEGA for 0-36 h. Through spectrophotometric method the increase of enzyme activities of caspase-3 and caspase-9 were detected after AEGA stimulation. Relative activity of caspase-3 and caspase-9 were expressed as the fold change of enzyme activity compared to that of untreated cells. Results were the mean ± SD of three independent experiments. *p \ 0.05, **p \ 0.01, compared with untreated groups Cytotechnology (2012) 64:421-428 427
